Abstract Developmental changes in the membrane electrical properties during the differentiation of a newly established clonal myogenic cell line MC3T3-Al/M13 (M13) derived from newborn mouse calvaria were studied using the conventional intracellular recording method. M13 cells proliferated in vitro with a population doubling time of about 20 hr when they were cultured in a-MEM containing 10% newborn bovine serum at 37°C. After they had achieved confluence and stopped growing, myotube formation by fusion of individual postmitotic mononucleated cells took place within 48 hr, and it advanced until 70-80% of the total number of nuclei were incorporated into such myotubes. Mononucleated M13 cells had a resting membrane potential (Em) of -22.5+1.7 mV (mean+S. D.) and responded passively to current stimuli, indicating that they are nonexcitable. On the contrary, multinucleated myotubes had Ems ranging from -25 to -70 mV, depending on the stage of their development. Newly fused myotubes had relatively less negative Ems and showed no response, whereas myotubes later in development showed delayed rectification against depolarizing current pulses, proving the development of a voltage-sensitive outward current system. Further, mature myotubes had an Em of -58.5+3.2 mV and generated fast action potentials having a maximum rate of rise of 315+11 V/sec and a duration of 3.0+0.5 msec (measured at half height). These action potentials were identified as tetrodotoxin-insensitive Na+ spikes. These results indicate that the membrane excitability of the M13 myogenic cell line develops well after the formation of myotubes, with an increase in Em as maturation proceeds.
et a!., 1971; KANO et al., 1972 KANO et al., , 1977 RITCHIE and FAMBROUGH, 1975; SPECTOR and PRIvEs, 1977) and the culture of an established myogenic cell line (LAND et al., 1973; KIDOKORO, 1973 KIDOKORO, , 1975 . Of these, the clonal cell line would offer an advantageous system for these studies because of its homogeneous cell population and synchronism of differentiation. For example, the rat L6 myogenic cell line established by YAFFE (1968) is now in widespread use in studies on various aspects of muscle differentiation and has already produced significant information, including a better understanding of the action potential mechanism (LAND et al., 1973; KIDOKORO, 1973 KIDOKORO, , 1975 and synapse formation (KIDOKORO and HEINEMANN, 1974) .
Recently we established 8 cell lines from newborn mouse calvaria (KODAMA et al., 1981) . In the course of their establishment, clusters of multinucleated myotubes were found in a confluent, cluture of one of these cell lines designated as MC3T3-A1. Therefore, by serial selection, we isolated a rapidly fusing clone M13 from the MC3T3-A1 line and examined its membrane electrical properties to determine if it would be suitable for the study on the development of excitable membranes.
In this communication, we report the establishment and characterization of the clonal myogenic cell line MC3T3-Al/M13. Its excellent properties of fusing instantaneously to form myotubes when confluence is reached and of generating fast action potentials should facilitate study of the differentiation of membrane excitability in skeletal muscle cells.
MATERIALS AND METHODS
Cell culture. Cells of MC3T3-Al/M13 were grown at 37°C in a fully humidified atmosphere of 5 % C02+95 % air in culture medium consisting of a-MEM (Flow Lab., Md., U. S. A.) supplemented with 10% newborn bovine serum (Flow Lab., Md., U. S. A.) and 60 pg/ml of Kanamycin sulphate (Meiji Seika, Tokyo, Japan). For subculturing, cells were detached by treatment with 0.001 % Pronase E (Kaken Kagaku, Tokyo, Japan) in Cat-, Mg2+-free phosphate-buffered saline. For experiments, cells were inoculated at a density of 2 x 104 cells/35 mm plastic dish (Falcon, Md., U. S. A.) in 1.5 ml of culture medium and refed every 3 days.
Assessments of cell growth, mitotic index, and fusion index. At the indicated times, cultures were fixed with methanol and stained with hematoxylin. Cell growth was estimated by counting nuclei in 5 randomly selected microscopical fields (0.69 x 0.69 mm) and determining the mean number of nuclei/cm2. Mitotic cells and nuclei within myotubes were also enumerated for the estimations of mitotic and fusion indices, respectively. For each experimental point, 3 dishes were scored. Cells containing 3 or more nuclei were scored as myotubes.
Intracellular recording. Electrophysiological recording from MC3T3-A1/ M13 cells and myotubes was carried out by using a conventional micro-electrode method. After an appropriate time in culture, the culture dish was mounted on the heated stage (36.5±0.5°C) of an inverted phase-contrast microscope (Olympus, Tokyo, Japan) and the culture medium was replaced with Hepes-buffered saline containing the following (in mM): NaCI, 142.0; KCI, 5.4; CaC12, 1.8; MgCl2, 0.8; 5.0 (pH 7.4) . A single glass micro-electrode filled with 3 M KCl and having a resistance of 20-50 MSS was used for both passing constant currents and measuring membrane potential changes simultaneously by means of a high-input impedance preamplifier with a bridge circuit (W-P Instruments M 701, Conn., U. S. A.). Stimulus currents and membrane potentials were displayed on a storage oscilloscope (Tektronix 5103N, Oreg., U. S. A.) and photographed with a Polaroid camera (Tektronix C-5A, Oreg., U. S. A.). For the calculations of specific membrane resistance (Rm) and specific membrane capacitance (Cm), the surface area of the cell membrane was estimated as follows. Firstly, the projected areas of mononucleated cells and multinucleated myotubes were measured. These values were then multiplied by two to account for the two sides of the mononucleated cell or by it for the cylindrical morphology of the myotubes. Finally, an additional factor of two was used to account for surface irregularity (LAMB and MACKINNON, 1971) . The maximum rate of rise (M.R.R.) of action potentials was obtained by differentiating with an RC circuit.
Droplets of 100 µM tetrodotoxin and 100 mM tetraethylammonium were added directly to the bathing solution to bring it to the appropriate final concentration. In experiments with Nat-free saline, Tris+ was substituted for Nat All data are expressed as means±S. D.
RESULTS
Myotube formation of MC3T3-A1 f M13 cells Actively growing MC3T3-A1JM13 (M13) cells showed a mononucleated fibroblastic morphology (Fig. la) . When they were inoculated at a density of 2 x 104 cells/35 mm dish and cultured in the presence of 10 % serum, they proliferated, after a short lag period, with a population doubling time of about 20 hr and a mitotic index of about 5 % until day 3 (Fig. 2) . Then the mitotic index declined and the cultures reached a confluent state by day 6. Multinucleated myotubes which were formed by fusion of the individual postmitotic mononucleated cells were first detected on day 5, and such myotubes became larger by fusing with neighboring mononucleated cells or other myotubes as development proceeded. The percentage of nuclei in the myotubes increased as opposed to the decline in the mitotic index with a lag time of about 48 hr as judged from the duration between the half decay of the mitotic index and the half maximum of the fusion index, showing that myotube formation began about 48 hr after the cells had completed their terminal mitosis. Eventually, 70-80 % of the total number of nuclei were incorporated into myotubes, at which time the culture dish was covered with a net-work of such myotubes showing an arabesque pattern (Fig. 1b) . Some of them were partially striated and spontaneously contracted.
Membrane electrical properties of MC3T3-AI/M13 cells and myotubes As mononucleated Ml 3 cells were fragile with respect to micro-electrode penetration, the recordings were sometimes interrupted by feigned depolarizations due to leakage caused by membrane damage. To eliminate these suspicious data, only recordings stable for more than 2 min were adopted for these studies. Growing mononucleated Ml 3 cells had a resting membrane potential (Em) of -22.5±1.7 mV. They exhibited a passive response to both depolarizing and hyperpolarizing current pulses (Fig. 3a) , indicating that they are non-excitable. As shown in Fig. 4 , the current-voltage relationship was linear between the range of -150 to + 80 mV. Rm and Cm were calculated to be 1.3±0.1 kQ . cm2 and 3.4±0.3 µF/cm2, respectively.
Recording from multinucleated myotubes was rather easier owing to their larger size and cylindrical morphology. Their Ems varied between -25 to -70 mV, being correlated with the stage of myotube development. Newly fused myotubes had relatively shallow Ems (-25--30 mV), low Rms (1.2-1.6 kQ . cm2), and responded to current stimulation in an ohmic manner as did mononucleated cells, thus showing that they were still non-excitable. As shown in Fig. 3b , after a short period once myotube formation was first detected, some myotubes appeared to show delayed rectification. The degree of rectification, which was determined from its time course and drop in membrane resistance, increased as myotubes matured. Figure 3c demonstrates the following changes in membrane electrical properties. At day 5 an inflection occurred after the termination of a hyperpolarizing current pulse into the myotube. This inflection increased in amplitude depending on the time in culture, until it developed into an action potential (Fig. 3d) . Action potentials of these young myotubes were blunt-shaped and had a duration of 9.0+ 1.2 msec measured at half height. At this stage, myotubes began to contract in accompaniment with these electrically-induced action potentials or depolarizations.
In fully matured myotubes, the action potentials were elicited both by depolarizing currents and by termination of hyperpolarizing currents (Fig. 3e) . In the latter case, action potentials exceeded zero membrane potential by 32.1 ± 2.5 mV. Occasionally, repetitive firing was recorded after the action potential was evoked by an anodal break (Fig. 3f) , which was suggested to be mediated by the recovery phase of the after-spike hyperpolarizations. The M.R.R. of the action potential augmented as myotubes matured (Fig. 5) , reaching a miximum of 315+11 V/sec at day 9. Conversely, the duration of the action potential shortened as development proceeded, reaching 3.0±0.5 msec by day 10. These myotubes had an Em of -58.5±3.2 mV, an Rm of 2.6±0.8 kS2 • cm2, and a Cm of 3.1±0.4 ,uF/cm2.
As these changes in the membrane electrical properties were considered to be due to the appearance and development of some voltage-sensitive inward-and outward-going current systems during the postmitotic differentiation of M13 cells, we studied the ionic mechanism involved in these electrogeneses. As shown in Fig. 6 , the action potential was completely abolished in Nay-free saline; however, it was unaffected by tetrodotoxin (TTX) at doses up to 30 µM, indicating that it was generated through TTX-insensitive Na+ channels. Similar results are shown for the developmental changes in the M.R.R. (Fig. 5) , which can be regarded as due to an increase in the number of action potential-generating channels in the cell membrane. There is no difference between the M.R.R. of action potentials in Values were obtained from recordings in normal saline (i), in the presence of 30 , tM tetrodotoxin (0), and in Na+-free saline (A). Myotube formation was first detected on day 5 as described in the text.
normal saline or in saline containing 30 pM TTX, demonstrating that the action potential mechanism depends solely on TTX-insensitive Na+ channels during its development in this condition. The delayed rectification was inhibited by externally applied tetraethylammonium (TEA) at 5 mM, showing that it was due to the activation of a TEA-sensitive delayed K+ channel which is generally found in excitable membranes (data not shown).
DISCUSSION
In this study of a newly established clonal myogenic cell line M13, we have confirmed the in vitro development of membrane excitability during the postmitotic differentiation stage of these cells and demonstrated that the M13 myotubes can generate TTX-insensitive Na+ action potentials.
M13 cells differentiated into multinucleated myotubes in practically the same manner as other myogenic cell lines, and yet, they have the capacity to fuse rapidly after they finished their terminal mitosis. For example, it takes more than 72 hr for L6 myogenic cell line (DELAIN et a!.,1981) , however, myotube formation in the M13 was initiated within 48 hr. Cells of C 17-S 1-D-T984, a recently isolated myogenic cell line originated from a mouse teratocarcinoma, take only a couple of days. This property to fuse rapidly was reported to solve the difficulty frequently encountered with muscle cell line to require excessive time after confluence, before myotube formation (JAKOB et al,, 1978) . M13 cells, too, have the excellent properties of differentiating both rapidly and synchronously and will be suitable for studies on the development of skeletal muscle membrane excitability.
Japanese Journal of Physiology Electrophysiological studies on the M13 cells revealed that mononucleated growing cells and newly fused young myotubes are electrically non-excitable. The action potential was first detected in myotubes at day 6, although it was not yet well-developed at that time. There also occurred a coincidental increase in Em during differentiation, from -22.5+1.7 mV in mononucleated cells, to -58.5+ 3.2 mV in fully matured myotubes. So, it is likely that the action potential-generating mechanism in the M l3 myogenic cell line develops soon after the formation of myotubes and accompanies the increase in Em. These results are quite in agreement with those reported in cultured chick myotubes (KANO et al., 1972 (KANO et al., , 1977 SPECTOR and PRIVES, 1977) in which the electrophysiological development was ascertained to be initiated shortly after cell fusion. On the other hand, KIDOKORO (1975) reported that mononucleated, undifferentiated L6 cells exhibit a large Em of -71 mV that does not change after cell fusion and also that they have the capacity to generate, though they are abortive, Na+ action potentials by anodal break stimuli. As for the changes in Em, it is noteworthy that ENGELHARDT et al. (1980) claimed that a low K+ concentration in the bathing solution is critical for investigating developmental changes in membrane electrical properties of tissue cultured skeletal muscle cells. We may rule out this pitfall in our work by the fact that the saline we used contained 5.4 mM K+ which was recommended by them in preparing the external saline and was the same concentration as that in the culture medium. However, the possibility of membrane damage which may be caused by microelectrode penetration remains. Since newly fused young myotubes had similar membrane electrical properties to those of mononucleated cells regarding the Ems, Rms, and responses to current stimuli, it is unlikely that the low Em value in the mononucleated cell is due solely to leakage caused by the impalement with the micro-electrode. FRELIN et al. (1981) demonstrated by using radioactive TTX that the toxin binding sites, that is the Na+ channels, appear well after the formation of myotubes and the establishment of a high Em in cultured embryonic chick skeletal muscle cells. The results obtained in our study resembled their findings; and here again, we conclude that there is a developmental increase in Em and that the action potential-generating mechanism appears definitely after the formation of myotubes in cultures of the M13 myogenic cell line.
The action potential of the M13 myotube had a sharp profile with a M.R.R. of 315+ 11 V/sec and a duration of 3.0+0.5 msec, suggesting that the action potential-generating mechanism was highly developed. In the L6 myotube, the action potential has a duration of 2-100 msec and the lengthening of its duration was explained as due to the slow rate of the falling phase (LAND et a!.,1973) . From this point of view, action potentials of M13 myotubes resemble more closely those of muscle fibers in vivo. However, it was necessary to hyperpolarize the membrane potential below -80mV in order to elicit a maximal action potential by reactivating the action potential mechanism which might be inactivated by the low Em value. In addition, in the experiments performed in Na+-free saline and in the presence Vo.1 33, No. 4, 1983 of TTX, the action potential was proved to be a TTX-insensitive Na+ spike which has been previously reported in newborn rat skeletal muscle (HARRIS and MARSHALL, 1973) , and L6 myotubes (LAND et al., 1973; KIDOKORO, 1973) . The TTX-insensitive Na+ spikes of these developing skeletal muscle cells was regarded as a part of a developmental process (HARRIS and MARSHALL, 1973) , for in a later stage, myotubes acquired TTX-sensitivity and the TTX-insensitivity diminished or disappeared. The TTX-insensitive Na+ spike of M13 myotubes, too, would be the sign of developmental process, however, it persisted throughout the development suggesting that M13 cells have different innate properties than those of other culture systems.
In most of the electrophysiological studies on cultured skeletal myotubes, besides the fast action potential, a prolonged action potential has also been reported (KANO et al., 1972; FUKUDA,1974; SPECTOR and PRIVES, 1977) and was also demonstrated in situ by using chick muscle in embryonic and early postnatal development (KANO, 1975) . This property was explained as due to a voltage-dependent increase in membrane permeability to Ca2+ (KANO, 1975 ) or Cl-(FUKUDA, 1974 . Action potentials of M13 myotubes in their immature stage had a blunt shape, suggesting that the action potential-generating mechanism was not yet fully developed, however, we found no such long-lasting action potential due to another ion flux except Na+ and K+ when they were bathed in normal saline. In some cases, when the external Ca2+ concentration was raised to 10 mM in order to stabilize the recording (KIDOKOR0,1975) , prolonged overshooting action potentials and contractures were elicited in newly fused myotubes, suggesting the development of a Ca2+ current system at this stage. The development of this other type of action potential-generating mechanism will be described elsewhere (in preparation).
